Although invasive physiological assessment for coronary stenosis has become a standard practice to guide treatment strategy, coronary circulatory response and changes in invasive physiological indexes, according to different anatomic and hemodynamic lesion severity, have not been fully demonstrated in patients with coronary artery disease.
C
oronary revascularization should be performed in patients with objective evidence for inducible myocardial ischemia. 1 Fractional flow reserve (FFR) is the current reference standard to evaluate the functional significance of epicardial coronary stenosis. 1 Recently, instantaneous wave-free ratio (iFR), another pressure-derived index that does not require hyperemia, was introduced into clinical practice. 2 Both FFR and iFR are derived from coronary pressure and are surrogate markers of coronary flow impairment. 3 Therefore, understanding how iFR and FFR vary with different stenosis severities may help explain the strengths and weaknesses of pressure-derived invasive physiological indexes.
Our understanding of coronary physiological responses to epicardial stenosis have been inferred primarily from animal experiments [4] [5] [6] [7] [8] or studies that used surrogate markers of absolute myocardial blood flow (MBF) such as Doppler wire-measured coronary flow velocity and pressure data in human. 9 Positron emission tomography (PET) can provide information about absolute MBF noninvasively in both resting and hyperemic conditions. 10, 11 Previously, Uren et al 12 demonstrated the relationship between coronary stenosis severity and degree of blood flow impairment in humans using PET, and De Bruyne et al 13 assessed the concept of FFR using a PET parameter. Because resistance can be calculated by the ratio of pressure and flow, the entire coronary circulatory response can be investigated when the noninvasively assessed flow data are combined with the invasively measured pressure data.
We sought to evaluate coronary circulatory responses to different degrees of coronary artery stenoses severity using absolute MBF derived from 13 N-ammonium PET and invasively measured coronary pressure data and to investigate the relationship of currently used invasive physiological indexes to measures of anatomic and hemodynamic lesion severity in patients with coronary artery disease.
METHODS

Study Populations
The study included 115 patients with stenoses in the left anterior descending coronary artery among the 144 consecutive patients with available 13 N-ammonia PET within 3 months of measuring FFR in the left anterior descending coronary artery from June 2011 to September 2015. 10, 11 All patients had a single lesion in the left anterior descending coronary artery. Among the 144 consecutive patients, 15 patients with poor image quality and 14 patients with unavailable iFR were excluded. Those 14 patients with unavailable iFR were excluded from the core laboratory analysis because of insufficient quality of resting distal pressure/aortic pressure (Pd/Pa) tracings. The study population was a part of a Korean multicenter registry that enrolled consecutive patients who underwent FFR measurement for any major epicardial coronary artery. The exclusion criteria were stenosis with Thrombolysis in Myocardial Infarction flow grade <3, graft vessel, depressed left ventricular systolic function (ejection fraction <30%), and stenosis that was not technically suitable for FFR evaluation. The study protocol was approved by the Institutional Review Board and was conducted in accordance with the Declaration of Helsinki. All patients provided written informed consent before enrollment. • The present study demonstrated coronary physiological responses to coronary stenosis using both noninvasively measured absolute myocardial blood flow and invasively measured coronary pressure data.
• With these data, the fundamental relationships between resting or hyperemic coronary circulatory indexes and epicardial stenosis could be replicated.
• In any stratum of a given stenosis, physiological classification of stenosis severity with fractional flow reserve (FFR) or instantaneous wave-free ratio (iFR) showed better discrimination of a unique relationship between absolute myocardial blood flow and pressure gradient than anatomic classification with angiographic percent diameter stenosis.
• This result affirms that stenosis severity is better discriminated with invasive physiological indexes than with angiographic assessment.
What Are the Clinical Implications?
• In the evaluation of the relationship between currently available pressure-derived invasive physiological indexes (FFR and iFR) and stenosis severity with noninvasively measured absolute myocardial blood flow and invasively measured coronary pressure data, both pressure-derived indexes, FFR and iFR, had similar patterns of relationships to the different anatomic and hemodynamic lesion severities.
• When the myocardial ischemia was defined by both low positron emission tomography-derived coronary flow reserve and low hyperemic myocardial blood flow, the diagnostic performance and concordance rate were comparable between FFR and iFR. • However, there were wide scatter and overlap of FFR/iFR-positive and -negative lesions, and this finding illustrates the potential limitation of clinical decisions based on a single invasive or noninvasive physiological index.
scan with low-dose computed tomography used to correct for scatter and attenuation. 11 Each patient was instructed to refrain from any caffeinated or xanthine-containing products for 24 hours before testing. Vasodilators, β-blockers, and calcium channel blockers were also discontinued for 24 hours before PET acquisition. A bolus of 13 N-ammonium (370 MBq) was injected via a peripheral vein in both resting and hyperemic states, and list mode dynamic imaging was performed with a Siemens Biograph-40 PET/computed tomography scanner (Siemens Medical Solutions, Erlangen, Germany).
11
A 2-compartment model was applied to quantify absolute MBF (mL·min
). The absolute MBF and physiological indexes of a target segment were calculated from PET scan data as described previously. 11 In PET images, the 6 basal segments were not quantified because of low counts in membranous interventricular septum and artifacts. Parametric stress MBF polar maps were used to delineate defect areas in target myocardial territories and to obtain MBF values of target segments. 11 Using this segmentation method, we found good correlation between FFR-and PET-derived quantitative parameters. 11 Two independent researchers (J. 
Invasive Coronary Angiography and Measurement of Physiological Indexes
Coronary angiography was performed with standard techniques. Angiographic views were obtained after the administration of intracoronary nitrate (100 or 200 µg). All angiograms were analyzed at a core laboratory (Seoul National University Hospital) by investigators blinded to other data. Quantitative coronary angiography was performed in optimal projections with validated software (CAAS II, Pie Medical System, Maastricht, the Netherlands). Minimal lumen diameter, reference vessel size, and lesion length were measured, and percent diameter stenosis (%DS) was calculated.
All coronary physiological measurements were obtained after diagnostic angiography as previously described. 11 Briefly, a 5F to 7F guide catheter was used to engage the coronary artery. The pressure-temperature sensor guidewire (Abbott Vascular, Santa Clara, CA) was zeroed and equalized to aortic pressure, and then the pressure sensor was positioned at the distal segment of a target vessel. Intracoronary nitrate (100 or 200 µg) was administered before each physiological measurement. Resting Pd/Pa was calculated as the ratio of mean distal coronary artery pressure to mean aortic pressure in the resting state. Continuous infusion of adenosine (140 µg·kg
) was used to induce hyperemia. Hyperemic distal coronary artery pressure and aortic pressure were obtained during sustained hyperemia, and FFR was calculated as the mean distal coronary artery pressure/aortic pressure during hyperemia.
After measurements, the pressure wire was pulled back to the guide catheter, and the presence of pressure drift was assessed. All pressure data were collected and validated by investigators blinded to other data. iFR was calculated as the mean pressure distal to the stenosis divided by the mean aortic pressure during the diastolic wave-free period. The baseline tracing data of >5 heartbeats were extracted and then anonymized and coded as an ASCII text file. Those data were sent to the iFR core laboratory (Imperial College, London, UK), where iFR was calculated with fully automated algorithms acting over the wave-free period of a minimum of 5 beats. Figure 1 summarizes how coronary circulatory indexes used in the present study were calculated from coronary pressures and absolute MBF. Coronary flow reserve (CFR) was calculated as the ratio of stress MBF to resting MBF in target segments. 10 Both at rest and during hyperemia, microvascular resistance (MVR) and transstenotic pressure gradient (PG) were calculated. MVR (mm Hg·min·g/mL) was calculated by dividing distal coronary pressure (mm Hg) by absolute MBF (mL·min
2
Quantification of Coronary Circulatory Indexes With Coronary Pressure and MBF Data
). Stenosis resistance (mm Hg·min·g/mL) at rest and during hyperemia was calculated by dividing PG (mm Hg) by absolute MBF (mL·min
) in the resting and hyperemic condition, respectively. To evaluate whether myocardial oxygen demand changed over time, the rate-pressure product was calculated. The rate-pressure products did not differ significantly at the time point of 
Comparison of Diagnostic Performance of Pressure-Derived Invasive Physiological Indexes
To compare the diagnostic performance of pressure-derived invasive physiological indexes, the presence of myocardial ischemia was defined by combined criteria of both low CFR and low hyperemic MBF. 11, 14, 15 The cutoff values of PETderived CFR and hyperemic MBF were based on previous studies that evaluated quantitative indexes of 13 N-ammonia PET (CFR, 2.0-2.74; hyperemic MBF, 1.52-1.99 mL·min
). 11, 16, 17 Using the cutoff values of pressure-derived physiological indexes (FFR ≤0.80, iFR ≤0.89), [18] [19] [20] we compared the diagnostic accuracy of those indexes to predict potential myocardial ischemia.
Statistical Analysis
The analysis was performed on a per-vessel basis for 115 left anterior descending coronary arteries from 115 enrolled patients. Categorical variables were expressed as numbers and relative frequencies (percents); continuous variables, as means and SDs or medians with first and third quartiles, according to their distribution, which was checked by the KolmogorovSmirnov test. Linear regression analysis was used to estimate the correlation coefficient (Pearson or Spearman, according to the normality of the variables). The correlation coefficients between %DS and invasively measured physiological indexes were estimated with linear regression analysis, and the fitted curve among those variables was calculated with the locally weighted scatterplot smoothing method. Continuous variables, including absolute MBF, PG, and physiological indexes calculated from 13 N-ammonia PET and invasively measure coronary pressure data, were compared according to classification of %DS with generalized estimating equations without post hoc adjustment. The diagnostic accuracy of FFR and iFR was compared with the McNemar test, and their concordance rates were assessed by the Cohen κ coefficient. All probability values were 2 sided, and values of P<0.05 were considered statistically significant. Table 1 shows the characteristics of the study population and target lesions. All patients presented with stable coronary artery disease with preserved left ventricular ejection fraction. Mean %DS of target lesions was 46.7±16.0%, and median values of invasive physiological indexes were 0.81 (quartile 1-3, 0.73-0.85) for FFR and 0.92 (quartile 1-3, 0.87-0.94) for iFR. Mean CFR measured by 13 N-ammonia PET was 2.13±0.58. Figure   I in the online-only Data Supplement presents the distribution of angiographic stenosis severity, 13 N-ammonia PET-derived hyperemic MBF, and invasive physiological indexes. Figure II in the online-only Data Supplement demonstrate serial changes of resting and hyperemic absolute MBF, PG, and MVR according to stenosis severity. With progressive worsening of %DS, resting and hyperemic PGs increased significantly (P<0.001 for both). Whereas hyperemic MBF fell significantly in a curvilinear pattern (P<0.001), resting MBF was not affected and maintained stable (P=0.383). MVR was significantly reduced in the resting condition (P=0.012) but was unchanged in the hyperemic condition (P=0.431; Figure IIA through IIC in the online-only Data Supplement). Both resting and hyperemic stenosis resistance increased according to the severity of epicardial stenosis, and those changes became significant above 50% to 60% stenosis ( Figure IID in the online-only Data Supplement). 
RESULTS
Patient and Lesion Characteristics
Relationship Between Coronary Circulatory Indexes and Stenosis Severity
Pressure-Flow Relationship According to Anatomic and Physiological Stenosis Severity
When we explored the relationship between the PG and absolute MBF from resting to hyperemic status according to the lesion classification by %DS (Figure 2A) , FFR (Figure 2B) , and iFR ( Figure 2C ), a unique relationship between resting and hyperemic absolute MBF/PG was shown across the range of stenosis severity. Stenosis severity defined by invasive physiological indexes better discriminated this relationship than severity defined by angiographic %DS. Figure 3 demonstrates the correlation between invasive physiological indexes and anatomic stenosis severity.
Changes in Pressure-Derived Physiological Indexes According to Stenosis Severity and Coronary Circulatory Indexes
Both indexes showed significant correlation with %DS (all P<0.001). The iFR threshold for separating normal from abnormal values occurred at a slightly more severe stenosis level than for FFR (Figure 3 ). Figure 4 shows the changes of pressure-derived indexes according to different angiographic stenosis severity, hyperemic MBF, hyperemic stenosis resistance, and hyperemic PG. Both iFR and FFR decreased with increasing angiographic stenosis severity (Figure 4 and Table I in the online-only Data Supplement). Similarly, both indexes decreased according to the changes of hyperemic MBF, hyperemic stenosis resistance, and hyperemic PG (all P<0.001; Figure 4 ). FFR showed more sensitive changes to hyperemic stenosis resistance and hyperemic PG than iFR (Figure 4) . Figure 5 presents the distribution of FFR and iFR according to absolute hyperemic MBF and CFR. The diagnostic accuracy and concordant rate of FFR and iFR to predict myocardial ischemia defined by both low CFR and low hyperemic MBF were similar, regardless of different cutoff values (Table 3) .
Comparison of Diagnostic Performance of Invasive Pressure-Derived Physiological Indexes to Predict Myocardial Ischemia, Defined by Both CFR and Hyperemic Flow
DISCUSSION
This study presented the coronary circulatory response to coronary artery stenosis and the relationship between currently available pressure-derived invasive physiological indexes and stenosis severity using absolute MBF derived from noninvasive 13 N-ammonium PET and coronary pressure data from invasive physiological assessment. The main findings were as follows. First, the relationship between resting or hyperemic coronary circulatory indexes and epicardial stenosis could be replicated by use of the combination of noninvasively measured MBF and invasively measured coronary pressure data. Second, in any stratum of a given stenosis, each stenosis showed a unique relationship between absolute MBF and PG, and physiological classification of stenosis severity with FFR or iFR showed better discrimination of that relationship than anatomic classification with angiographic %DS. Third, the 2 pressure-derived indexes, FFR and iFR, had similar relationships to the different anatomic and hemodynamic lesion severities. When myocardial ischemia was defined by low thresholds for CFR and hyperemic MBF, the diagnostic performance and concordance rate were comparable between FFR and iFR. Values are mean±SD, median (interquartile range, 25th-75th percentile), or n (%).
PET indicates positron emission tomography.
Coronary Circulatory Response to Coronary Artery Stenosis: Validation With Myocardial Flow and Pressure Data
The evidence for coronary autoregulation and maximum coronary perfusion has been demonstrated primarily in animal experiments. 4, 5, 8 At rest, coronary blood flow remains constant until very severe coronary stenosis is present. However, hyperemic blood flow declines as stenosis severity increases. This finding was also demonstrated in patients with coronary artery disease with PET data. 12 Recently, the IDEAL study (IberianDutch-English) demonstrated coronary autoregulation by using a surrogate index of absolute coronary flow, coronary flow velocity measured by Doppler wire. 9 The present study demonstrated these physiological responses to coronary stenosis using both noninvasively measured absolute MBF and invasively measured coronary pressure data. As previously reported, resting MBF did not vary across a wide range of epicardial stenosis severity, from <30% to >70%. Although resting PG and resting stenosis resistance were greater in patients with greater stenosis severity, compensatory reduction of resting MVR kept resting MBF stable despite dif- ferences in stenosis severity. This finding agrees with previous studies and provides the rationale for using a resting index such as iFR to assess serial lesions. 21, 22 In the hyperemic state, MVR did not vary with greater levels of stenosis severity (range, 14.0%-89.0%) or hyperemic stenosis resistance. However, hyperemic MBF declined in a curvilinear pattern with significant transition at >50% to 60% stenosis. These findings suggest that the fundamental coronary circulatory response to coronary stenosis can be investigated with noninvasively measured MBF and invasively measured coronary pressure data.
Anatomic and Physiological Stenosis Severity and Pressure-Flow Relationships
When atherosclerotic plaque deposits and causes coronary artery stenosis, resistance across a stenosis limits maximal myocardial perfusion and coronary circulatory reserve. Coronary flow distal to the stenosis varies according to the pressure drop across a stenosis, which is governed by the equation ΔP=FV+SV 2 , where F is the coefficient of pressure loss resulting from viscous friction in the stenotic segment and S is the coefficient of pressure loss caused by flow separation at the diverging end of the stenosis. 5, 7 The relative contribution of friction or separation losses can vary according to the geometry of the stenosis, and this variation can influence curve linearity or steepness of the stenosis pressure-flow relationship. 5, 7 The present study also showed a similar curvilinear relationship between the PG and absolute MBF in the resting and hyperemic states. Although lesion classification by %DS, FFR, and iFR showed similar patterns of relationships between resting and hyperemic MBF/PG, stenosis severity defined by invasive physiological indexes better discriminated this relationship than severity defined by angiographic %DS. This result affirms the superior discrimination of stenosis severity with invasive physiological indexes than by angiographic assessment.
Changes of Invasive Pressure-Derived Physiological Indexes According to Angiographic and Hemodynamic Lesion Severity
Currently, invasive physiological assessment of the functional significance of epicardial coronary stenosis is based largely on pressure-derived indexes, FFR and iFR. This study explored the changes of resting and hyperemic pressure-derived indexes according to different angiographic and hemodynamic stenosis severity. Angiographic %DS was significantly correlated with iFR and FFR. Both indexes had similar relationships to other surrogate markers of potential inducible myocardial ischemia such as hyperemic MBF, hyperemic stenosis resistance, and hyperemic PG. However, FFR showed more sensitive changes to a different range of hyperemic stenosis resistance and hyperemic PG. This might be caused by increased PG from increased flow separation resulting from hyperemia ( Figure III in the online-only Data Supplement). This may be the reason why iFR-guided revascularization strategy has resulted in less revascularization than FFR-guided revascular- ization strategy in the DEFINE-FLAIR trial (Functional Lesion Assessment of Intermediate Stenosis to Guide Revascularisation) and iFR-SWEDEHEART trial (Evaluation of iFR vs FFR in Stable Angina or Acute Coronary Syndrome). 19, 20 In those studies, clinical outcomes between FFR-and iFR-guided revascularization strategies did not differ. 19, 20 There have been debates about the diagnostic performance of iFR versus FFR. 2, 18, 23, 24 The present study used combined criteria of low CFR and low hyperemic MBF to define potential myocardial ischemia, as previously suggested by Johnson and Gould 14 and van de Hoef et al. 15 FFR and iFR showed similar diagnostic accuracy and high concordant rate, regardless of the different cutoff values of CFR and absolute hyperemic MBF derived from anatomic or physiological reference standards. However, there were wide scatter and overlap of FFR/iFR-positive and -negative lesions, and this finding illustrates the potential limitation of clinical decisions based on a single invasive or noninvasive physiological index.
Limitations
This study has several limitations. First, 13 N-ammonia PET and invasive physiological measurement were not performed simultaneously.
13 N-ammonia PET was performed as a noninvasive stress test, and invasive physiological assessment was performed within 3 months of 13 N-ammonia PET (median, 46.0 days). However, in the time interval between these assessments, no significant clinical changes occurred; both tests used the same protocol of hyperemia induction; and the ratepressure products at the time of 13 N-ammonia PET and invasive physiological measurements did not differ. Second, PET segmentation by vascular territory can be influenced by individual variations in coronary anatomy. Third, the sample size of this study was relatively small, and the study included only patients who underwent clinically indicated intracoronary physiological assessment. Therefore, this study did not include patients with pure microvascular dysfunction and may not be generalizable to such patients. Fourth, because coronary wedge pressure was not measured, the potential influence of collateral flow on the relationship between stenosis severity and coronary circulatory indexes could not be addressed. Fifth, it should be acknowledged that the cutoff value for iFR was derived from studies that compared its diagnostic accuracy with FFR. The cutoff value of FFR was validated with the sequential bayesian approach with multiple noninvasive tests. 25 Sixth, iFR was calculated offline in an independent physiology core laboratory. Finally, because 13 N-ammonia has a roll-off phenomenon at high coronary flow rates, using 13 N-ammonia can underestimate MBF in patients with extremely high coronary flow rates relative to using [ 15 
Conclusions
This study demonstrated fundamental coronary circulatory responses to differences in stenosis severity, including coronary autoregulation and pressure-flow relationships, using absolute MBF derived from 13 N-ammonium PET and invasively measured pressure data. Currently CFR indicates coronary flow reserve; iFR, instantaneous wave-free ratio; MBF, myocardial blood flow; and PET, positron emission tomography.
used resting and hyperemic pressure-derived invasive physiological indexes have similar patterns of relationships to different angiographic and hemodynamic lesion severities.
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